Abstract. We have previously reported six novel mutations in the 5'-UTR of the gene for folate receptor-α (FOLR1). In our search for additional mutations we screened patients, referred for investigation of suspected dementia (DGM subgroup) by SSCP and DNA sequencing from the end of exon 1 to the first bases of intron 3. We found 4 sequence variations, FOLR1 g.1314G>A, g.1816delC, g.1841G>A, and g.1928C>T. Pyrosequencing™ genotyping assays were developed for all of them, and 389 active seniors (AS subgroup) and the 202 DGM patients were genotyped for these mutations. The frequency q of the mutated allele was, among the AS subjects, 0.068, 0.0026, 0.0026, and 0.024 respectively, and among the DGM subjects, 0.067, 0.0076, 0.0078, and 0.023. The g.1816delC and g.1841G>A mutations thus were more frequent in the DGM than in the AS subgroup, but the difference did not reach statistical significance. The mutated alleles, FOLR1 1816(-) and 1841A, always occurred together in the same subjects, suggestive of a rare double-mutant haplotype. The two common polymorphisms, FOLR1 g. 1314G>A and g.1928C>T seemed not to raise tHcy plasma levels, whereas the doublemutated g.1816(-)-g.1841A haplotype may possibly have a slight tHcy-raising effect. Thus, so far 8 novel rare FOLR1 mutations with a combined prevalence of ~1.3% in Whites as well as two common polymorphisms with 5% and 13%, respectively, have been demonstrated. Only a few of the rare mutations may potentially be associated with raised plasma tHcy concentrations. No association with dementia was found.
Introduction
Folate is important for all dividing cells. It is of utmost importance in providing methyl groups for remethylation of homocysteine (Hcy) to methionine and through Sadenosylmethionine (SAM) for one-carbon metabolism, providing cofactors for the synthesis of e.g. purines, phospholipids, and certain amino acids. Folate has been found to use several kinds of transport mechanism to enter the intracellular compartment. Reduced folate carrier (RFC) and receptor proteins are the most important ones. Folate receptor-α (FR-α) has high affinity for serum folate, 100-200 times higher affinity than RFC (1) . Total plasma homocysteine (tHcy) is extensively used as a biomarker of shortage of e.g. folate. Elevated levels of tHcy can be due to mutations in enzymes involved in the Hcy metabolism, which cause dysfunctional enzymes, for instance the SNP at position 677 in the gene for MTHFR, methylenetetrahydrofolate reductase (2) .
The gene for FR-α, named FOLR1, consists of seven exons and spans over 6.7 kbp (3). Mutations in the FOLR1 gene could result in a dysfunctional receptor, or a lower amount of the receptor on the cell surface. The exons 3-7 in FOLR1 are highly conserved and mutations have been considered to be very rare (4, 5) . However, a recent study reports novel mutations in the FOLR1 exons 2 and 3 in Chinese patients (6) , and we previously performed mutation screening in the 5'-UTR between nt. -1110 and nt. +272 and found six novel FOLR1 mutations (7, 8) . The prevalence of the polymorphisms reported by Zhang et al in Europeans is not known. It is possible that the panorama of FOLR1 polymorphisms or mutations differs between different parts of the world. It is also unclear whether they affect plasma tHcy concentrations.
Patients with dementia often have elevated tHcy concentrations, and studies have found a link between impaired Hcy metabolism and neuropsychiatric disorders such as depression (9) and cognitive impairment in the elderly (10) . A lower amount of folate receptor-α expressed in cells could result in intra-cellular folate deficiency and consequently an elevated plasma concentration of tHcy. High concentrations of tHcy can induce DNA strand breakage, oxidative stress and apoptosis leading to neurodegenerative conditions (11) . We therefore hypothesized that an increased prevalence of FOLR1 mutations, or even additional dementia-specific mutations, might be found in subjects with a dementia diagnosis compared to healthy elderly subjects. This has not been studied before.
Our aim was thus to analyse the frequency of the two mutations described by Zhang et al in Swedish elderly subjects, and to find out whether they have any effect on plasma tHcy concentrations. A second aim was to screen patients investigated for dementia for mutations in the same part of the FOLR1 gene. For this purpose, we extended our search for additional mutations further downstream, spanning from the end of exon 1 to the first bases of intron 3.
Materials and methods

Subjects.
We studied two groups of subjects: i) A group designated 'active seniors' (AS), which is a sample of 389 senior citizens, 262 women and 127 men, living in central Sweden. The subjects were retired and lived independently in their own homes. All were White and most of them were born in the 1920's and 1930's, the mean age at sampling was 74 years. All subjects gave a specific and written informed consent to the present study including genotyping and bio-banking of the donated samples. ii) The DGM study, which is a case control study at Örebro University Hospital, Sweden. This study population consisted of 202 consecutive patients (106 women and 96 men, mean age 72 years). They were all referred to the Memory Care Unit at the Department of Geriatrics for diagnostic assessment and treatment. Everyone in the study group underwent a structured clinical investigation, including medical history, family history and socioeconomic data, physical as well as neurological and psychiatric examination. Everyone was screened with mini mental state examination (MMSE) and clock drawing test (CDT). Computed tomography (CT) or magnetic resonance imaging (MRI) of the brain was performed on all but nine subjects. Dementia diagnoses were based on DSM-IV criteria. The ICD-10 criteria were used to divide patients into different diagnostic categories. Routine analyses of the Csf biomarkers, total tau protein, phosphorylated tau protein and ß-amyloid protein, used among the criteria for dementia diagostics, were performed at the Department of Psychiatry and Neurochemistry, Institute of Clinical Neuro-science, Sahlgrenska University Hospital, Mölndal, Sweden. Both studies were approved by the Research Ethics Committee of Örebro County Council.
Folate and Hcy measurements. Folate in serum was measured by a solid-phase time-resolved fluoroimmunoassay based on the competitive reaction between europium-labeled pteroylglutamic acid, the stable form of folate, and sample folate for a limited amount of binding sites on folate-binding protein (AutoDelfia™ Folate, Wallac Oy, Turku, Finland). Table I . PCR primer sequences, annealing temperatures, and amplicon sizes for SSCP analysis of the FOLR1 gene. Table II . PCR primer sequences, annealing temperatures, amplicon sizes and sequencing primer sequences for FOLR1 genotyping by Pyrosequencing™ technology. 
Homocysteine in Stabilyte plasma was determined by a fluorescence polarization immunoassay on an IMx ® unit (Abbott Laboratories, IL, USA). All coefficients of variation were <7.5%.
Mutation screening of FOLR1
by SSCP analysis and DNA sequencing. Genomic DNA was extracted from 200 μl whole blood using a QIAamp DNA blood mini kit according to the manufacturer's instructions (Qiagen Inc., Valencia, CA, USA). PCR was performed with the HotStarTaqDNA polymerase kit (Qiagen Inc.). Reaction mixture (50 μl) was used containing 0.4 μmol/l of each primer, 1.0 unit of Taq polymerase, 1.5 mmol/l MgCl 2 , and 0.2 mmol/l each of dGTP, dATP, dTTP, and dCTP. Approximately 15 ng of the genomic DNA was added as a template. PCR primers were designed using Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/ primer3_www.cgi). The primers, annealing temperatures, and amplicon sizes are shown in Table I . The 5'-UTR-region of the folate receptor-α gene was searched for mutations by single-strand conformation polymorphism (SSCP) screening using preformed gels and GeneGel SSCP buffer kits A, B, and C, and a silver staining kit (all from Amersham Biosciences, Uppsala, Sweden) and DNA sequencing using Big Dye Terminator reagents as described previously (7). The first studied 352-bp amplicon stretched from nt. 1141 to nt. 1493 according to Genbank sequence U20391. The second studied amplicon stretched from nt. 1419 to nt. 1781 and the third studied amplicon from nt. 1723 to nt. 2054.
Development of FOLR1 SNP assays by Pyrosequencing™.
The polymorphisms in the FOLR1 gene that had been identified by SSCP screening were further tested for, in active seniors and in the dementia study population, by SNP assays on the Pyrosequencing technology platform. The four SNPs were analysed by newly developed Pyrosequencing protocols. The primers were designed using the PSQ assay design software, version 1.0.6 (Biotage AB, Uppsala, Sweden). The PCR primer and sequence primer data and annealing temperatures are summarized in Table II . After PCR the samples were prepared using the Vacuum Prep workstation (Biotage AB): 25-30 μl of the amplicon, 3 μl Streptavidin Sepharose HP beads (Amersham Biosciences), 37 μl binding buffer [10 mM Tris-HCl, 2M NaCl, 1 mM EDTA, 0.1% Tween-20, Milli-Q (18.2 MΩ x cm) water, pH 7.6] and 10-15 μl Milli-Q water were mixed and used in the Vacuum Prep workstation. The biotinylated amplicons were immobilized onto the streptavidin sepharose beads and then passed through three washing steps using the Vacuum Prep workstation. The first wash was 70% ethanol, the second was 0.2 M NaOH, and the third washing buffer was 10 mM Tris-Acetate and Milli-Q water. The amplicons were then transferred to a plate containing sequencing primer (0.4 μM) in 40 μl annealing buffer (20 mM TrisAcetate, 2 mM magnesium acetate, pH 7.6). The amplicons and sequencing primer were incubated at 80˚C for 2 min and then left to cool at room temperature to allow annealing of the sequencing primer. Sequencing was performed using a PSQ96 SNP reagent kit and a PSQ 96MA system (Biotage AB). The nucleotide addition order was optimised by the PSQTM96MA 2.0.1 software. Results were automatically analysed using the PSQ96MA 2.0.2 software. Figs. 1-4 show the pyrograms obtained for each of the three possible genotypes at the FOLR1 g.1928C>T, g.1314G>A, g.1816delC, and 1841G>A loci, respectively.
MTHFR 677C>T was amplified according to the Pyrosequencing assay protocol 'Genotyping of the C677T variant 
Results
Mutation screening of FOLR1 in DGM patients. We screened the DGM patients for mutations using SSCP, followed by DNA Genotypes shown, from top to bottom: GG, GA, AA. This is a reverse assay, so the pyrogram reading CC corresponds to the genotype GG, CT to GA, TT to AA. The other three novel assays presented here are forward assays where the genotypes are read directly from the output format. Genotypes shown, from top to bottom: CC, C(-). The third possible genotype (-/-) was not found in the studied population. However, if present it would be easily distinguishable since the first C-peak, which in the heterozygote is reduced to half-height (lower panel), would disappear completely in a homozygous subject (lower panel).
sequencing of any samples showing a band pattern indicative of mutations. Fig. 5 shows DNA sequencing chromatograms of each of the four identified mutations. We followed the nomenclature by den Dunnen and Antonarakis (12) and chose the U20391 as the reference sequence. We also referred to the exon/intron structure as given by Elwood et al (3). In the amplicon spanning nt. 1141 to nt. 1493, immediately downstream and partly overlapping the region which we screened in our prior study on hyperhomocysteinemic patients (8), we found a G>A mutation (Fig. 5, top panel) , and designated it FOLR1 g.1314G>A. It was identical to the mutation designated 1314A>G in a previous study by Zhang et al (6) .
In the amplicon spanning nt. 1419 to nt. 1781 we did not find any mutations.
In the amplicon spanning nt. 1723 to nt. 2054 we found three mutations (Fig. 5, three last panels) , designated Ex3+205C>-, Ex3-195G>A and Ex3-108C>T by the Cancer Genome Anatomy Project SNP500Cancer database (13) . Ex3+205C>-in this database is identical to the mutation designated C1816delC in the study by Zhang et al (6) . We designated these three mutations FOLR1 g.1816delC, FOLR1 g.1841G>A, and FOLR1 g.1928C>T respectively. Our designations follow guidelines by den Dunnen and Antonarakis (12). The updates posted on http://www.hgvs.org/mutnomen/ recs-DNA.html have also been consulted.
Frequency of FOLR1 mutations. The frequency of the mutations identified by SSCP screening was studied among active senior subjects and DGM patients. Testing was performed by Pyrosequencing technology as described in Materials and methods (Figs. 1-4) . The allele frequencies found in these two clinical groups are shown in Table III . As seen from the χ 2 figures, all mutations were in HardyWeinberg equilibrium. Of note was the finding that the 5 subjects who were heterozygous for the g.1816delC mutation were all heterozygous also for the g.1841G>A mutation. No subject was found to be a carrier only of one of these two mutations (Table IV) . The most likely explanation for this Table III . Number of subjects with FOLR1 mutations among active seniors and DGM patients.
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a Allele frequencies and χ 2 for Hardy-Weinberg equilibrium are shown. Data are based on genotyping performed by the novel Pyroseqencing assays (see Materials and methods).
-----------------------------------------------------------------------------------------------------
would be that, in our population, the mutated alleles occurred together in a double-mutated haplotype, 1816(-)-1841A with a mean frequency of approximately q=0.0043 for the combined study groups. The frequencies of the mutated alleles were higher in the DGM than in the AS study group, but the differences were not statistically significant, χ 2 =1.62 and 1.65, respectively.
Hcy levels in subjects with FOLR1 mutations. Table IV shows the tHcy levels and related variables in all subjects studied who carried the double-mutant haplotype 1816(-)-1841A. Subjects 1 and 2 had satisfactory S-folate levels and consequently low tHcy levels. Subjects 3 and 5 had low to normal S-folate levels (reference interval in our routine laboratory 8-43 nmol/l) and tHcy levels higher than expected from their S-folate levels. Subject 4 had satisfactory S-folate levels but slightly raised tHcy levels. None of the subjects had the MTHFR 677TT genotype, but subjects 4 and 5 had 677 CT heterozygosity.
The mutations g.1314G>A and g.1928C>T were much more prevalent and are clearly polymorphisms. The possible effect of these on the tHcy/folate interplay was therefore studied by regression analysis. Fig. 6 shows the relation between serum folate levels and plasma tHcy concentration in subjects with or without the g.1314G>A mutation, respectively. Subjects with S-folate ≥20 nmol/l, subjects with the MTHFR 677TT genotype, and subjects carrying the mutated FOLR1 g.1928T allele were excluded from the analysis. In 1314GG (wild-type) subjects, the regression showed a significant negative slope, whereas the slope did not differ significantly from zero in the 1314A-allele carriers. Table V shows mean tHcy and S-folate levels according to 1314 genotype, before and after exclusion of subjects with MTHFR 677TT and 1928T-allele carriers, respectively. The 1314A-allele does Table IV . Plasma levels of tHcy and serum folate and B12 levels in subjects with FOLR1 mutations g.1816delC and g.1841G>A.
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Diagnosis tHcy, μmol/l S-folate, nmol/l B12, pmol/l g.1816delC g. ---------------------------------------------------------------------------------------------------- Individual values are shown. The MTHFR 677C>T status of each subject is also indicated. Diagnosis is provided for subjects from the dementia study cohort. AD, Alzheimer's disease; ND, non-dementia. Subjects 1 and 2 were from the AS cohort. Table V . Plasma levels of tHcy and serum folate in subjects with FOLR1 mutation g.1314G>A. 
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not seem to be associated with increased plasma tHcy concentrations. Fig. 7 shows the relation between serum folate levels and plasma tHcy concentrations in subjects with or without the g.1928C>T mutation, respectively. Subjects with S-folate ≥20 nmol/l, subjects with the MTHFR 677TT genotype, as well as subjects carrying the FOLR1 g.1314A-allele (genotypes GA and AA) were excluded. There was no statistically significant difference between the regression equations for the subjects wild-type for the FOLR1 g.1928C>T or the subjects which were carrying the FOLR1 g.1928T-allele. Table VI shows mean tHcy and S-folate levels according to 1928C>T genotype, before and after exclusion of subjects with folate ≥20 nmol/l, MTHFR 677TT subjects, and 1314A-allele carriers respectively. The 1928T-allele does not seem to be associated with increased plasma tHcy concentrations.
Discussion
We here present an extension of our mutational screening of the FOLR1 gene (7, 8) to approximately 1 kb further downstream in the sequence, in which we found 4 mutations. We . Parentheses show the P 2.5 and P 97.5 of the parameters (i.e., the 95% CI). Table VI . Plasma levels of tHcy and serum folate in subjects with FOLR1 mutation g.1928C>T.
- 
also developed Pyrosequencing™ genotyping assays for these mutations. Two of them turned out to be the same as those described in a recent study by Zhang et al (6) and three were contained in the SNP500Cancer database (13) . Very scarce data, if any, is available on the allele frequencies of these 4 mutations in Whites, and no data on relations with tHcy or folate levels have been published. We used our novel Pyrosequencing assays to determine the allele frequencies in our biobanks of elderly Swedes.
For the FOLR1 g.1841G>A mutation the allele frequency of the A-allele reported in the NCBI SNP database, dbSNP ID rs1540087, is 0.00 in an unspecified Caucasian population. According to this NCBI SNP database entry the A-allele appears to be most frequent in Africans with a frequency of 0.043. However, we found the 1841A-allele frequency in elderly Swedish subjects to be readily detectable (q=0.0026 in the AS subgroup and q=0.0078 in the DGM subgroup).
For the FOLR1 g.1928C>T polymorphism we found the T-allele frequency in the AS subgroup to be 0.024 and in the DGM subgroup to be 0. The two rather high-frequency polymorphims described by Zhang et al (6) , g.1314G>A and 1816delC, were present also in the Swedish population, both in demented subjects and in active senior subjects (Table III) . The frequency of the 1314A-allele was appreciably lower than in China, q being only 0.068 (AS subgroup) and 0.067 (DGM subgroup) vs. 0.186 (cancer cases) and 0.143 (controls) in the Chinese. Likewise q of the g.1816delC polymorphism was only 0.0026 (AS subgroup) and 0.0078 (DGM subgroup) in the Swedes vs. 0.095 (cancer cases) and 0.099 (controls) in the Chinese. For the FOLR1 g.1314G>A mutation the reported allele frequency q(A), in the NCBI SNP database, was 0.104 in a European population and for FOLR1 g.1816delC the mutated allele frequency q(-) was 0.034 in a Caucasian population. Our frequencies of these two mutations are thus lower than those reported both in a Chinese, and, according to the NCBI database, in an unspecified European population.
We here provide the first frequency estimate of the FOLR1 g.1816delC mutation, q=0.0026 in Swedish senior citizens and q=0.0078 in patients referred for investigation of suspected dementia. We also found that this mutation never occurred alone but only in the simultaneous presence of the mutated FOLR1 g.1841A allele, suggestive of a double-mutated haplotype 1816(-)-1841A. The finding needs corroboration by molecular haplotyping and in larger population samples. For instance, it would be very interesting to know the frequency of the FOLR1 g.1841A-allele among the Chinese, and whether it occurs in complete linkage with the g.1816delC mutation in the Chinese too. The possibility of a difference in frequency of the FOLR1 1816(-)-1841A haplotype between active seniors and demented subjects, raised by the present findings, must await confirmation from larger studies, which it would be advantageous to conduct in countries with a higher frequency of these two mutations. On the other hand, the 1314G>A and the 1928C>T polymorphisms clearly did not differ between the AS and the DGM groups.
Do any of the 4 novel FOLR1 mutations raise plasma tHcy concentrations and/or lower serum folate concentrations? One needs to integrate all relevant available nutrigenetic backgound data of each subject in order to answer that question. We adjusted for both the MTHFR 677C>T genotype and for the novel FOLR1 mutations and S-folate in the present study, and precluded any major impact on tHcy or folate levels of the 1314G>A and 1928C>T polymorphisms (Figs. 6 and 7 , Tables V and VI), whereas the double-mutated FOLR1 1816(-)-1841A haplotype may possibly be associated with higher plasma tHcy levels although 3 out of 5 studied subjects were inconclusive for this purpose due to their MTHFR genotypes and/or S-folate levels (Table IV) .
In conclusion, we here describe 4 additional FOLR1 mutations, their allele frequencies and relations to total plasma homocysteine. This brings the number of recently discovered mutations in this gene and its proximal 5' upstream sequence up to 10. The combined prevalence of heterozygosity for the eight low-frequency mutations in Swedes is approximately 1.3-1.5% and there are two common polymorphisms, g.1314>A and g.1928C>T with approximately 13% and 5% heterozygotes, respectively, in the Swedish population. While the two latter seem not to raise tHcy plasma levels, the doublemutated FOLR1 g.1816(-)-g.1841A haplotype may possibly have a tHcy-raising effect. Its frequency, as well as its possible effect on tHcy, should be studied in additional populations in order to gain a fuller picture of both the history and the effects of this interesting haplotype.
